A series of flyover noise tests on the Airbus A319 performed in the framework of the German project "Noise Optimized Approach and Departure Procedures (LAnAb)" took place at Parchim airport (Germany) in June 2004. A noise database was created that will be a support for the validation of aircraft noise prediction models dedicated to investigate noise abatement procedures. In all, 37 take-off and 82 approach conditions were simulated. Depending on the simulated flight phase, different values of engine power, airspeed, position of the high-lift devices, and also of the landing gears were tested. The aim of this paper is to show the different possibilities of using the signals recorded by a phased-array of microphones installed on the ground to analyse aircraft noise and confront some prediction models to the results.
I. Introduction
A modification of the approach and departure procedures of in-service aircraft is considered to yield a substantial noise reduction in the vicinity of airports, which can be achieved rapidly after implementation without having to wait for the introduction of new and quieter aircraft. The comparison between the various approach and departure procedures is generally performed on the basis of predictions. The validity of the conclusions depends on the accuracy of the noise models applied. But the research community does not always have them available. A national research program was launched in Germany (LAnAb, co-financed by the German Federal Ministry of Education and Research), a program that includes the gathering of the required noise data for a typical aircraft. The data were acquired during a campaign of flyover noise measurements carried out in June 2004 in Parchim (Germany) with a Lufthansa Airbus A319 powered by two CFM56-5A5 engines. A noise database for all configurations in which the aircraft is flown during approach and during take-off was created with the objective to assess noise prediction models. Each aircraft configuration was generally tested for three different airspeeds and for four engine powers including flight idle. In all, 119 flyovers representing 30 different flight situations were performed. The sound field was measured by a phased-array of 168 microphones installed on the ground underneath the flight path and 36 other microphones distributed at various sideline angles. GPS positions of the aircraft and weather conditions were also recorded. Two kinds of results were produced. With the phased-array, the dominant sound sources were localized on the aircraft and their absolute levels were individually estimated as far as this is possible. The signals of the same microphones and of the 36 sparse microphones a were used to calculate ensemble-averaged dedopplerized spectra describing the sound intensity emitted by the aircraft for emission angles θ from 24 deg to 156 deg relative to the flight direction with an increment of 4 deg. The present paper also shows how these spectra were processed to separate broadband noise from tones, and how the database can help to compute by interpolation or extrapolation the noise emission for many other combinations of airspeed and engine speed. The same database was used to assess the validity of some prediction models. Some results are reported here.
II. Description of Experiments
In all, 30 different flight situations were investigated including take-off, hold, and final descent. Two days were necessary to complete the 119 flyovers. For every flight configuration, a first set of three measurements at typical flight speed and engine power was done. Then we proceeded with some additional noise records at different values of engine speed and airspeed so that their influence on the noise emission can be analyzed. Depending on the flight situations, the flaps and slats were extended at a different angle (referred as ECAM position), the airbrake spoilers were deployed or not, and the landing gears were up or down. Table 1 shows the flap and slat positions of the different ECAM settings. deg  deg  ECAM 1  18  0  ECAM 1+F  18  10  ECAM 2  22  15  ECAM 3  22  20  ECAM FULL  27  40   Table 2 shows the several test points performed for the descent approach with the high-lift devices set to ECAM 2 position. In order to investigate some sideline directivity effects with the phased-array, the aircraft was flown 7 times with a sideline angle Φ 45
Configuration slats flaps
• relative to the array. The other flyovers were performed with the aircraft flying above the array. The objective for the pilots was to hold the aircraft at constant airspeed and constant engine speed for the duration of the test interval corresponding to emission angles of 20 deg to 160 deg. Adjustments were only allowed for the angle of attack.
The array of microphones was spiral-shaped to reduce sidelobes. 1 The 168 microphones were logarithmically distributed along 24 concentric circles so that a large frequency range can be analyzed. All the microphones were mounted in grazing incidence on 60 cm × 60 cm hard wooden plates. The microphone bodies were oriented perpendicularly to the flight path with the membrane oriented in the downwind direction. Thus all microphones presented a constant incidence angle to the aircraft. The microphone positions were measured accurately (±5 mm) with a laser-optical system.
a No results obtained with the 36 sparse microphones will be reported here. The microphones were electret-type 1 /4" KE4 Sennheiser microphones. The response amplitude and phase of these microphones measured relative to B&K microphones show that they are accurate enough within the frequency range of interest. The microphones were daily calibrated.
The data acquisition system could record up to 256 channels with a resolution of 24 bits and a high signal-to-noise ratio. The acquisition sampling frequency and the time of recording were fixed respectively to 48192 Hz and 16 s. Tones should slightly suffer from the signal resampling at high frequencies.
2 Thus the amplitude of the third and the following BPF tones emitted by the engine may be truncated at high power-settings. When necessary the signal were low-pass filtered.
The aircraft noise is investigated within the range of emission angle θ ∈ [24 − 156 deg]. The A319 aircraft was equipped on-board with two flight data recorders. The ground data were synchronized to the aircraft data via the recording of the UTC time. The GPS positions recorded on-board the aircraft were not differential GPS positions as usually required for such measurements. Therefore the positioning had to be improved with ground-based equipment, which consisted of a group of six laser distance meters installed on the ground, and of two calibrated cameras pointing vertically into the sky (see Figure 1) . After reduction of the data, only four flyovers show a discrepancy larger than 10 m between the two methods of measurement from the ground. On the other hand, the GPS positions appeared to be more inaccurate. The other parameters required (speeds and angles of motion) were found in the data measured on-board. An excellent agreement of ±4 m/s is found for the ground speed and ±2 m/s for the climb speed with the data measured by the laser distance meters.
The Institute for Meteorology and Climatology of Hannover University recorded some relevant meteorological parameters with a mast and weather balloons during the flyover measurements. Temperature (measured with ±1 K accuracy), humidity (±4 %), atmospheric pressure were needed to remove the effect of atmospheric attenuation. Wind profiles (±2 m/s) were also measured. The data obtained on day 1 and 2 indicate a very low wind level in agreement with the values recorded by the aircraft (the mean wind speed never exceeded 10 m/s below 200 m). One can consider that the tests were done under very good weather conditions.
III. Database

A. Computing of Ensemble-Averaged Dedopplerized Spectra
Knowing the aircraft position at every time t, a dedopplerization of the microphone signals with regards to the aircraft center of mass was applied on short time intervals corresponding to a small displacement of the aircraft (∆θ = 4 deg). The spectra of the dedopplerized signals were assumed to provide us with the directivity of total aircraft noise. The disadvantage of using short integration times is poor estimation of the sound pressure level. To overcome this disadvantage, an ensemble-averaging technique can be employed, that is, individual microphone spectra are averaged together based on identical aircraft-to-microphone emission angles. The method is similar to what Preisser and Chestnutt 3 did to investigate the flight effects on fan noise generated by a JT15D-1 turbofan. The ensemble-averaged dedopplerized spectrum S av is simply Table 3 shows the parameters of analysis. Smaller frequency bands were required for take-offs because of the presence of buzz-saw tones. The dedopplerized spectra are given for loss-less atmosphere, 4 for free field (+6 dB), normalized to a reference distance , and brought to static conditions by removing the convective amplification (+40 log(1 − M cos θ)) b . As pointed out by Preisser and Chestnutt, at shallows angles, the adjustments are large in magnitude and have to be considered carefully. For an aircraft flying at constant altitude 200 m, at an emission angle of θ = 24 deg, inverse law correction is +11.5 dB, atmospheric absorption is 15 dB at 5 kHz in standard atmospheric conditions, and convective amplification varies between -3.9 dB at U = 75 m/s and -7.46 dB at U = 130 m/s.
B. Tone/Broadband Noise Separation
Because tones and broadband noise originate often from different mechanisms and they have not the same contribution on the perceived noise by a human ear, they were separated in the database. Two algorithms were developed to extract the tones from the ensemble-averaged spectra. The first algorithm was used for all flyovers except those at take-off. It works as follows:
1. A smooth spectrum is calculated by convoluting the original spectrum with a Gaussian bell function.
2. Values of the original spectrum that are 3 dB higher than in the smooth spectrum identify tones. These tones are stored in a temporary list.
3. Steps 1 and 2 are repeated for all angles θ ∈ [24 : 156]. After the 34 iterations (∆θ = 4 deg), the tones found more than 8 times are considered as "true tones". The others are discarded.
4. The levels of tones are determined at every angle by subtracting the level found in the original spectrum from the estimated broadband noise. Often the acoustic energy is spread across two or three adjacent narrow-bands because of Doppler smearing and the time delay between direct and reflected signals. These bands were added.
The example given in Figure 2 shows that the dominant tones may be successfully extracted using this algorithm; only the low-level tone corresponding to BPF 3 is not identified.
b In parentheses, the corrections added to the original spectra are indicated. They embody some usual assumptions. During take-off, buzz-saw noise is dominant in the forward arc. The spectra contain many tones that are multiples of the shaft frequency. Thus it is known a priori where the tones are. The algorithm used in this case to separate tones from the broadband noise works as follows c :
1. A precise value of the shaft frequency is determined using the N 1 parameter given by the flight data recorders.
2. The levels of the engine order tones are determined by subtracting the level found in the original spectrum from the estimated broadband noise. When the level of one tone is not higher than the broadband noise, its value is put to zero.
3. steps 1 and 2 are repeated for all angles θ ∈ [24 : 156 deg], ∆θ = 4 deg.
C. Database Inter-and Extrapolation
An attempt to interpolate and extrapolate the database is described here. Only the case of broadband noise is treated here. The broadband noise is produced by the airframe and the engines,
Engine-and airframe-generated sources have multiple origins:
S airf rame = s clean + s LG + s slats + s f laps + s spoiliers + etc.
If all the different sources are assumed to not being correlated and also not interacting, then the pressure measured by each microphone is the sum of all the individual sources. Now, the pressure emitted by all the sources is assumed to vary with speed U as follows,
Here two speeds are considered: the flight speed on which depends airframe noise and the fan speed which is assumed here to be the only relevant speed to consider for engine noise. It can be demonstrated indeed that the expected variations of aircraft speed have only a little impact on engine noise. Furthermore, we will assume that equation (5) is valid at Strouhal constant,
c Other tones than engine order tones were not sought.
where f is the frequency, d a geometrical dimension and U the speed. Combining equation (5) and (6), it follows for one source,
The index "0 " refers to some known values (measurements for instance). If the speed parameter for engine noise is assumed to be proportional to the fan speed N , and only one source for engine and another for airframe is considered, then
The parameter α accounts for the ratio of airframe noise to total noise. For simplicity, it does not depend on Strouhal number St. Despite of containing rough approximations, Eq. (8) can be used to interpolate successfully the data contained in the database and extrapolate the data providing the parameters are varying moderately from the measured ones (see Figure 3 ).
IV. Localization of Acoustic Sources by Beamforming
Phased-arrays of microphones are efficient tools to generate acoustic images of an aircraft. 5, 2 This is an useful support to interprete quantitatively the measurements on the ground. They also can be used to estimate quantitatively the level of the individual sources as explained in section V.B.2 under the condition that the acoustic images provided by beamforming have a good resolution. Some "advanced" beamforming algorithms are available in the frequency-domain for non-moving sources 1, 6 to improve the resolution by minimizing the width of the main lobe and/or by reducing the level of the sidelobes. But source motion is responsible for a Doppler frequency shift that is not possible to take into account simply in the frequency domain. Therefore in problems dealing with moving sources, the data are beamformed more easily in the time domain. The simple formulation for beamforming in the time domain is
where p i are the dedopplerized microphone signals at emission time t, r i the distance source-microphone at emission time t, w i a weighting factor, L the number of microphones and c o the sound speed. The spectrum is given by
where X i are the Fourier transforms of the dedopplerized signal p i . In the frequency domain it is common to delete the diagonal of the cross-spectral matrix in order to remove microphone self-noise from the 
computation.
7 This method can be easily applied to the time domain as follows,
Unlike to the classical simple formulation, the autospectra S ii (f k ) are discarded. Negative values may be obtained that are non physical and must be therefore put to zero. The weighting factors w i are used to normalize the sound amplitude to a reference distance of propagation assuming a spherical spreading of the sound wave, to account for the ground reflection and the convective amplification due to source motion, and to improve the acoustic map resolution by changing the effective microphone distribution. The sound attenuation by the atmosphere has to be considered in the frequency domain. No weighting With weighting Compared to a regular array of microphones, the logarithmic distribution in spiral is equivalent to reducing the effective array diameter. Indeed the microphone density is higher near the array center where a lot of microphones are concentrated than in the outer part where the microphones are sparsely distributed. This was counter-balanced by applying a weighting factor equal to the square of the distance of microphone to the array center R 2 Oi . However, there are two risks at applying such a factor. First, aliases of the main lobe appear when the spacing between microphones is larger than half of the sound wavelength projected onto the ground. Second, at high frequency, the beamwidth of the main lobe may become smaller than the scanning resolution; in this case sources may not be detected. Therefore, it is necessary to remove the outer microphones for high frequencies.
Moreover errors in the estimation of the aircraft position, turbulence scattering in the atmosphere increase the loss of coherence between two microphone signals d . This loss of coherence increases with microphone spacing and frequency. Theoretically the incoherence of the sources would produce a zero in the off-diagonal terms of equation (10) . But when a small number of blocks of FFT points is used (from 1 to 4), it may be nevertheless beneficial to avoid to sum up the microphones signal with very low coherence.
Thus the initial shading function R Oi was multiplied by a spatial window, frequency dependent, in order to discard progressively the outer microphones when the frequency increases. Some coherence calculations between microphones having different distances of separation leads to support the idea that the coherence evolution can be modeled with a Butterworth window function whose order n and threshold frequency f s are functions of the microphone spacing. The calculation has involved several flights for which the flyover altitudes and the meteorological conditions were different. The distance aircraft-array seems to play only a second order role which would tend to indicate that the effect of atmosphere is not the predominant effect in coherence loss. The two following equations have been derived to model the evolution of γ 2 f s = 350 + 630 R ij (13)
where R ij is the spacing between microphones. The constant 350 in equation (13) should be zero because when the microphone separation tends to infinity the coherence should tend to zero. However the data fit better with an offset therefore it was introduced. Thus, the final weight to apply to a microphone signal was found by evaluating the following expression:
Here H is the Heaviside function, γ 2 ij the coherence between microphone i and j calculated with equation (12) and γ 2 s a threshold. Equation (15) means that a microphone whose estimated coherence with all other microphones is above the threshold value will have a maximum weight of R 2 Oi whereas its weight will be zero in the opposite case. Typically, γ s = 0.3. An example of benefit due to the use of weighting is shown in figure 4 .
Concerning the detection of spinning tones generated by the turbomachinery, 8 they appear not to be centered on the engine axis because beamforming assumes spherical spreading whereas the wavefront arrives tangentially on the ground with a slight y-offset as shown in 
V. Aircraft Noise Analysis: Some Results
A. Take-off
The influences of the extension angle of the high-lift devices, the engine power settings, the aircraft speed and the sideline angle Φ on noise emission at take-off are investigated in this section. The contribution from broadband noise and tones is separately analyzed. The ranges θ < 90 deg and θ > 90 deg describe the forward and the rear arcs, respectively. The influence of speed was limited to variation of 10 m/s. Figure 8a) shows no significant change in the sound level by an increased airspeed. The noise generated by the high-lift devices is enhanced through the speed increase, but engine noise, which dominates the radiation, is very little influenced by the 10 m/s speed increase. Several flight tests were conducted off the x-axis of the microphone array to examine the sideline direc-tivity. Figure 8b) indicates that noise at sideline angle φ = 45 deg is slightly higher than at φ = 0 deg. This may result from the asymetrical radiation characteristics of the sources, some reflection and refraction effects.
The results for all the simulated take-offs are now plotted together in one-third octave bands from 80 Hz to 5 kHz in Figure 9 . The measurements at N 1 = 85% are distinguished from those at 94%. Some sideline effects (measured at N 1 = 85% only) appear above 400 Hz suggesting that it might be necessary to consider them into models. The influence of the ECAM position is only noticeable at high frequencies. On EO tones (not shown here), only the sideline emission angle seems to have an influence on the intensity of some tones. 
Buzz-saw Noise
Buzz-saw noise is produced when the relative flow speed at the fan's blade tip exceeds the speed of sound, which happens during take-off. 10, 11 Small dissimilarities in the geometry (like in the stagger angle of the blades) create dissimilar shock waves at each blade that propagate with different velocities away from the fan. Thus tones whose frequencies are multiples of the shaft rotation frequency (engine order) are produced.
The nature of this process suggests that the azimuthal order m of the spinning mode is equivalent to the engine order of the tone. In this case, this would signify over the range of operating conditions that only the first order radial modes will give a reasonable approximation to the acoustic pressure field because the majority of higher radial modes will be cut-off. Sarin and Rademaker 12 measured the distribution of acoustic modes in the engine inlet of a Fokker 100 aircraft in flight with a ring array of microphones and verified the actual validity of this hypothesis. In our case, this hypothesis was evaluated by comparing the data with the analytical solution describing approximately this problem. 13 Some typical results are presented in Figure 10 . At N 1 = 85%, there is no agreement between theory and data in the forward arc. According to references 14, 15 acoustic inlet radiation is expected to be shifted by flight to lower angles. However the discrepancy is too large (varying here from 20 deg to 50 deg) to be explained by motion. At N 1 = 94%, a better agreement is found. This might indicate that the assumption is more correct. This kind of results is also verified on engine static tests.
B. Final Descent
In this section, some preliminary results related to the final descent approach with the high-lift devices fully deployed and the landing gear down are presented. First the influence of engine noise and aircraft speed is discussed. Then some preliminary results on landing gear noise and high-lift device noise will be reported. 
Influence of Engine Power and Airspeed
Unlike in the case of take-off, the engine on approach is not the only dominant source of noise. Airframe noise mainly produced by the slats/flaps and the landing gear contributes also strongly to the total noise emission. Some broadband noise spectra averaged over the repeated tests are presented in Figure 11 for three different observation angles. The noise emission is enhanced over all the frequency range by increasing the engine power. However, the enhancement is only of 1 or 2 decibels within the range 200 Hz to 2-3 kHz while N 1 varies from flight idle (N 1 30%) to 49%. This is to compare with the 4-5 dB increase resulting from the 10% N 1 variation measured at take-off. As it is suggested by the high dependence of the noise level on airspeed, the airframe noise is the dominant source in this frequency range. Above 3 kHz, the influence of engine speed is significant. Thus the level is about equally reinforced by increasing N 1 from 49% to 59% or the airspeed from 73 m/s to 89 m/s. 
Landing Gear Noise
The A319 landing gear is composed of one twin-wheel nose landing gear and two twin-wheel landing gears positioned under each wing. The results obtained with engines at low power and high-lift devices retracted are shown in Figure 12 . The variance of the data is more important at low frequencies because the number of frequency lines used to compute the one-third-octave band sound level decreases with frequency. A minimum of emission is found around θ = 90 deg. This result is in agreement with numerical simulations 16 and measurements on full-scale landing gears in wind tunnel. 17 The effect of speed on which depends strongly landing gear noise is especially well shown in the medium/high frequency range. In such an example, it would be useful to know the contribution of each landing gear. Methods exist that can evaluate the source strength of each source 7e . Sub-domains are defined in which the source is replaced either by a monopole or a set of incoherent monopoles. The method takes in input the results obtained by beamforming (see section IV), and a good beamforming resolution is suitable. Since landing gear sources are concentrated onto a small area, a solution more simple may be applied. It consists of calculating energy ratios based on the maximum level found at the different sources, and multiplying them by the dedopplerized spectra. Such a solution was applied to previous measurements carried out on Airbus A340. They show a satisfactory agreement with wind tunnel tests.
Noise Generated by High-Lift Devices
The last example presented in this paper is on noise generated by the high-lift devices. The broadband noise emission measured with the high-lift devices fully deployed is shown in Figure 13 . Depending on the frequency, the directivity may have a maximum or a minimum at the vertical of the aircraft. And contrary to the landing gear case, noise increases more with airspeed at low than at high frequencies. The acoustic images obtained in this case (an example at 1 kHz is given in Figure 4) show sources at the slat horns, the side-flap edges, the slats and the engines. At 5 kHz, in the forward arc, fan noise is dominant. The latter depends mainly on the fan rotation speed and not on the flight speed; this could explain why the noise does not increase significantly with airspeed.
VI. Conclusion
This paper has demonstrated the potential of flyover noise measurements with a phased-array of microphones not only to localize sources on the aircraft but also to create a noise database of dedopplerized spectra describing the total noise emission of the aircraft. In this database the contributions from broadband noise and tones can be separated. Prior to the measurements, a test matrix has to be discussed with the pilots in order to know which are the relevant values of airspeed and engine power and their expected range of variation for a given flight situation, so that the input data necessary to simulate various noise abatement procedures are available. The resulting database can help to predict by interpolating or extrapolating the e G. Elias, Noise Source Amplitude on Landing Gears, Private communication.
noise at other conditions than those encountered during the tests. The database can also be used to assess the validity of some noise prediction models. Further work should however be done on the data obtained in the approach conditions to isolate the contribution of the different sources.
